This study was conducted to assess the possibility of simultaneous nitrification and denitrification in an activated sludge using a cilia media packed with granular sulfur in a single reactor. For the granular sulfur column adopted, the total nitrogen removal was up to 67%. This facilitated the simultaneous decomposition of autotrophic and heterotrophic denitrifiers present at a 5:2 ratio. On the other hand, the control incubation test employing glass beads achieved only 18% denitrification. Regardless of the NH4-N loadings, the use of ciliated granular sulfur columns, made denitrification 1.5 times faster than when cilia was not used. The size of the granular sulfur columns directly contributed to the extent of denitrification, which was correlated to the void sphere of anoxic zones through the columns. Dissolved oxygen (DO) concentrations lower than 4.0 mg/L did not influence the level of denitrification. However, when higher than 4.0 mg/L, the DO began to negatively impact the denitrification rate. The study found that the simple installation of a cilia media packed with granular sulfur in an existing activated sludge could simultaneously achieve an efficient nitrification/denitrification in a single reactor.
Introduction
Generally, existing municipal wastewater treatment plants have often been retrofitted to efficiently remove organic pollutants. The modifications were adopted to cope with stringent regulations put in place by Korean authorities, but also to address the increasing industrialization and its corollary, increased load of industrial wastewater. Moreover, since 1996, the concentrations of nitrogen and phosphorus in effluents have been limited at 60 and 8 mg/L, respectively. In order to meet those regulations, numerous nutrient removal processes have been introduced and existing processes have been retrofitted.
Generally, nitrification and denitrification processes are conducted separately in wastewater treatment plants. That is, each process is operated independently, and evolves at different oxic and anoxic conditions imposed in separate reaction tanks. This study was undertaken to develop a simultaneous nitrification/ denitrification process in aerated conditions, where granular sulfur-packed cilia media is both electron donor and biofilm media. Denitrification using a granular sulfur-packed tower was investigated by Lee et al. (2001) and Park et al. (2001) . They attempted to induce nitrification/denitrification in a vertically bi-sectioned bed, which was empty in its lower section but had its upper section packed with sulfur. They investigated whether existing activated sludge systems could be retrofitted to achieve efficient nitrification/denitrification by simply placing granular sulfur-packed ciliated casings in the aeration reactor.
In this study, the outer surface of the media was supposed to induce nitrification under aerobic conditions, whereas its interior would provide the anaerobic conditions necessary for denitrification. The optimal condition for a simultaneous nitrification/ denitrification in a single reactor was assessed. The different circumstances which were investigated were the presence or not of the granular sulfur, the cilia being attached or not, the diameter of the packing column, and the concentration of dissolved oxygen. The study also addressed the practicability of the new system by testing its capacity to remove nitrogen present in real domestic wastewater.
Materials and Methods
A laboratory-scale acrylic reactor was used for the experiment as illustrated in Fig. 1 . The aerator tank and the settling tank were 2 and 0.9 L, respectively. Synthetic wastewater (Table 1) was fed into the reactor at 2 to 8 L/d. Pre-acclimated autotrophic bacteria under elemental sulfur supplied as the electron donor in a 2-L benchscale reactor was consecutively introduced into the test reactor (3 times a day for 3 days). Approximately, a 21-day incubation period was required to obtain steadystate experimental conditions with a constant sulfate concentration level. Synthetic wastewater was prepared daily by completely mixing the chemicals shown in Table 1 into 20 L of Milliq water. The domestic wastewater collected at the J apartment house was gravitationally settled for 24 h before use.
Ciliated (polypropylene) columns packed with granular sulfur were submerged into the aerator. The bundles of cilia embedded around the annular surface of the column had 1.2 m 2 /m 3 of specific surface area and the length of each isolated cilia was averaged at 20 mm. A total of 2880 cilia hairs were placed per 1 cm 2 of surface area. A total of 12 granular sulfur columns were submerged 8 cm deep into the reactor, corresponding to a total surface area ranging from 300 to 1500 cm 2 depending upon the column diameter. Koenig and Liu (1997) found that sulfur granules in the range of 2.8 to 5.6 mm in diameter achieved the highest denitrification. Consequently, sulfur granules ranging from 3.5 to 6.0 mesh (equivalent to 3.36 to 5.66 mm in diameter) were used in this study. The total volume of sulfur packed in the ciliated column was 0.35 L, which was equivalent to 17.5% of the total volume of the aerobic reactor. Its physical characteristics are described in Table 2 .
As described in Fig. 2 , the granular sulfur was packed in the nominal diameter of the column and its annular surface area was implanted with bundles of cilia hairs. The column diameter was varied at 20, 30 and 45 mm. The core of the column packed with granular sulfur was forced to provide anaerobic conditions utilizing sulfur for autotrophic denitrification Zhang 1996, 1999) .
The porosity of the granular sulfur packed in the casing was maintained at 67.5%, which possibly constrained granular sulfur from being released into the effluent. That predisposition also prevents the column from being deformed, and subsequently provided identical experimental conditions during the testing.
Several sets of experiments on nitrogen removal were conducted for the following objectives: 1) compare granular sulfur and glass bead packings put in the ciliated column, 2) determine the effect of having (or not having) cilia around the annular surfaces with a column packed with granular sulfur, 3) determine the effect of the diameter of the column packed with granular sulfur, and 4) determine the effect of the DO (dissolved oxygen) concentration with air flow rate varying from 2 to 4 L/min. Finally, the efficiency of the denitrification process as a means for treating nitrogen sources such as domestic wastewater was also investigated (Table 2) . 
Results and Discussion
Globally, the annular surface zone of the column was intended to create an aerobic environment, whereas the inner packed voids were for the anaerobic bacteria being grown so that sulfur utilizing denitrification can occur. No colour change was observed when resazurin (0.0002%) as a redox indicator (Kaspar and Tiedje 1982) was introduced in the reactor.
Comparison of Nitrogen Removal between Granular Sulfur and Glass Bead Packed in Ciliated Column
The simultaneous nitrification and denitrification between granular sulfur and glass bead each packed in two different columns was investigated. The nitrogen source was fed into the reactor at 0.035 kg NH4 + -N/m 3 d and the DO was maintained at a 2.0 to 2.3 mg/L level. The pH was between 7.9 and 8.1 and the temperature was 20 ± 0.5 o C. As shown in Fig. 3 , total nitrogen (TN) was removed up to 67% and 18%, respectively, for the granular sulfur and the glass bead packed column. The smaller nitrogen removal efficiency achieved by the glass bead packed reactor was attributed to the restricted amount of electron donors for the heterotrophic denitrifiers in response to 30.0 to 66.6 mg/L of organic carbon (i.e., CODCr) retained in the synthetic wastewater.
The amount of nitrogen removed by the glass bead packed column based on the electron donor of carbon source (CODCr) can be calculated. Stensel (1981) defined the required COD to nitrogen ratio assuming that the COD of the VSS (volatile suspended solids) produced 1.42 g COD/g VSS and that the biomass produced is 10% nitrogen (U.S. EPA 1993).
where YSNET is biomass net yield based on COD (g VSS/g COD) removed. From that equation, the nitrogen possibly removed was estimated to be 9.4 mg/L, which corresponded to the 18% removed from the total amount of influent TN concentration.
On the other hand, TN removal in the sulfur-packed reactor was higher, which implied that a combined decomposition mechanism such as the organic carbonutilizing heterotrophic denitrification and the molecular sulfur-utilizing autotrophic denitrification took place. In other words, sulfur-utilizing nitrogen removal was solely 73% assuming that the same extent of heterotrophic denitrification was accomplished for the sulfur-packed column. Pseudomonas aeruginosa and Thiobacillus denitrificans, in a ratio of 5:2, were observed in the reactor. As reported by Claus and Kutzner (1985) this implies that autotrophic and heterotrophic denitrification contributed to the overall nitrogen removal process. the 41 st to 85 th days of incubation). During that incubation period, the C/N ratio was the same for both reactors and varied between 0.9 and 1.3. It simply indicated that the cilia attached column could achieve denitrification 1.5 times faster than the one without cilia. This eventually demonstrated that the installation of the cilia could be more suitable in anaerobic environments for denitrifiers, even in the vicinity of an aerobic environment.
Comparison of Nitrogen Removal According to the Diameter of the Column
This experiment was performed for three different diameters, i.e., 20, 30 and 45 mm. The nitrogen removal efficiency and the denitrification rate in each case are shown in Fig. 5 and 6 . The annular space of each column was embedded with the same number of cilia bundles.
Independently of the load of NH4-N, the larger the diameter of the column, the greater the denitrification achieved. This corresponded to the extent of anoxic zone built within voids of the granular sulfur packed in the core of the column. The thick biofilm that developed within the bundle of cilia and the porous sulfur-packed column were likely the main contributors to the formation of the anoxic condition. The larger the diameter of the column, the larger the anoxic zone formed, hence the greater the denitrification achieved. be that the biofilm once brought up within the column, infiltrated the aerobic zone due to the shear force created by the increasing turbulence of air bubbles supplied to enhance the DO concentration. This in turn led to the possible decrease of the anoxic zone.
Comparison of Nitrogen Removal on Varying DO Concentrations

Nitrogen Removal from Actual Domestic Wastewater
A 45-mm diameter column packed with granular sulfur was used. The annular space of the column was planted with cilia bundles. The DO concentration varied from 2.0 to 2.3 mg/L. The temperature was set at 20 ± 0.5ºC, and the pH ranged from 7.3 to 7.9. The TKN and NH4 + -N were loaded at 0.05 to 0.21 and 0.04 to 0.15 kg/m 3 d, respectively. The results suggested that in a worst case scenario, when the carbon source was limited (lower COD/TN ratio) in the wastewater, denitrification could be achieved when the COD/TN ratio of domestic wastewater was one half to one third less than the typical demand of C/N ratio. Table 3 summarized the results of the 3-month experimental run. It showed that approximately 53% of TN could be decomposed by the simultaneous action of heterotrophic and autotrophic denitrification.
Conclusions
The use of granular sulfur columns could remove nitrogen four times greater than glass bead columns. This demonstrated that autotrophic and heterotrophic denitrification simultaneously occurred with the sulfur column while denitrification was not effective with the glass bead columns because of the lack of an electron donor. With the ciliated sulfur columns, denitrification was sustained to 0.6 kg NO3 --N/m 3 d regardless of the load of NH4-N. However, without the ciliated sulfur column, denitrification decreased as low as 0.4 kg NO3 --N/m 3 d.
The testing of various diameters of sulfur-packed columns showed that forming the volume of anoxic zone through the columns directly contributed to producing the highest denitrification for the 45-mm diameter column. Varying the DO to 4.0 mg/L reduced the nitrogen removal efficiency because of exorbitant air bubbles that sloughed the biofilm around both the cilia surface and the sulfur granules. Nitrogen contained in actual domestic wastewater was removed up to 53.2%, which confirmed that sulfurpacked ciliated columns simply submerged into an existing activated sludge process could successfully accomplish nitrification/denitrification simultaneously under aerated conditions. The results obtained from synthetic and real wastewater suggest that the new process can be applied to existing nitrogen removal plants for economical benefits. Fig. 8 . Influence of denitrification rate on various DO concentrations. 
